INTRODUCTION
More and more deepwater platforms such as TLP, SPAR and FPSO are used in offshore gas and oil exploration and production. When the depth of sea and the length of structure increase, the flexibility of the structure also increases. On the other hand, because ocean current and wave action are getting greater, interaction between fluid and structure becomes stronger. In particular, vortex-induced vibration (VIV) of risers and tension legs, especially in the lock-in (synchronization) range, has become a very challenging problem.
Many computation models such as wake-oscillator model, correlation model, statistic model and polynomial Galerkin model have been developed to calculate response of a circular cylinder undergoing VIV. Among these, the wake-oscillator model (Hartlen [1] and Iwan [2] ) benefiting from its reasonable physical mechanism, convenient computation process and satisfactory accuracy has been popularly applied to t he practical engineering, in which two interacting oscillators ( Recent researches focus on nonlinear characters of drag force and lift force (Griffin [4] Sarpkaya [5] ), developing loworder approach based on consideration of interaction between structure and fluid (Facchinetti [6] ) and synthesis model combining CFD and w ake-oscillator model. In these models, added mass is an important quantity and the ideal added mass, i.e. the added mass for an accelerating body moving in an infinite, inviscid and incompressible fluid, is often adopted. For example, the ideal added mass coefficient is 0.5 for a sphere and 1.0 for a circular cylinder. However, added mass in general is variable and not equal to the ideal added mass for case of VIV.
In fact, only if the body is started from rest in a fluid otherwise at rest, the initial value of the added mass is in agreement with its ideal value because the vortices are still confined to a thin sheet on the boundary. Generally speaking, as a result of viscosity of fluid, added mass is variable in unsteady flow problems such as VIV. Sarpkaya [8] pointed this out and did experiments to observe the fluid dynamic force (inertia component and drag component) on the body undergoing VIV. By definition, the inertia component relates to added mass in the overall lock-in range of VIV. Vikestad's experiment [11] showed that the added mass coefficient for a circular cylinder varies from 4.5 to nearly -0.8 when the reduced velocity increases from 3.0 to 13.0 in the lock-in range of VIV. The same conclusion is also drawn based on numerical simulations (Willden and Graham [12] ). In this paper semi-empirical formulas for the added mass coefficient of a circular cylinder at lock-in will be given and applied to the calculation of the amplitude response of VIV with the wake-oscillator model.
Additionally, a linear relationship [2, 3] between the vibration amplitude and the reduced velocity was often utilized that can also introduce significant error, thus a nonlinear relationship is established in this paper. Based on these two modifications an improved wake-oscillator model for flexible riser under nonuniform current is developed. By means of empirical formula combining with iteration computatio n, the improved model can be conveniently programmed into computer code and has a simple r and faster computation process than CFD so as to be suitable to application of practical engineering. This model is validated by comparing it with experiment and nume rical simulation. Our results show that this model can predict the response and lock-in range of VIV more accurately. At last, illustrative examples are given in which the response amplitude of flexible offshore riser experiencing lock-in vibration under action of non-uniform current is calculated and effects of riser tension and flow distribution along riser span are explored.
ANALYSIS MODEL
The variation of added mass at lock-in is investigated and estimation formula s are presented. Then a nonlinear re lationship between the vibration amplitude and the reduced velocity is established. Consequently an improved analytical model of VIV is developed and its computation steps are presented.
Variation of Added Mass at Lock-in
For representation and simplicity a classical spring-massdamp ing system is taken as an example, and at lock-in the displacement and lift force are assumed to be
respectively. So the governing equation of the system subjected VIV is [13] :
is the natural frequency of structure in vacuum, K is stiffness of spring, ζ is damping ratio of structure. Then the added mass can be expressed as: 
It should be pointed out that Eqs. (6) and (7) (6) and (7) are compared with experiments and numerical simulations respectively shown in Fig.2 and Fig.3 . It can be seen that Eqs. (6) and (7) agree with the experiments results and numerical simulations well, especially at lower reduced velocity. 
Improved Wake-oscillator Model
A linear relationship between vibration amplitude and reduced velocity was utilized in old model [3] that can in troduce a significant difference form reality of VIV and its errors defined as the relative errors of calculation values to experiment values (or numerical simulation values) are shown in Tab.1. Observing experimental results ( Feng [15] and Brika [16] ) and numerical simulation (Foulhoux [17] ) we can see that it is more reasonable considering a nonlinear relationship (shown in Fig.4) . Thus a nonlinear relationship is established. And the relationship function is described as follow: By now the algorithm of the improved wake-oscillator model is summarized as follows: 1) Carry out the added mass under given flow velocity according to formula ( 6) (or ( 7)) and consequently natural frequencies and mode shape. Then obtain lock-in region distributions along the riser span of the lock-in modes.
2) Carry out mode effect mass Repeat calculation from steps 1) to 5) for every lock-in mode.
Amplitudes of VIV response of a cylinder [18] are predicted using the presented model and is plotted against flow velocity (shown in Fig. 5 ), and they are compared with the corresponding experimental results (Khalak [18] ) so as to verify the presented model. Figure 5 shows that the predicted responses agree with the experimental results well. As a comparison, the responses calculated using the original model (without improvements presented in this paper) are also plotted in Fig. 5 . It shows that the improved model presented in this paper is more accurate than the original model. 
APPLICATIONS AND DISCUSSIONS

Effect of Tension on Response of VIV
The presented model is applied to predict VIV response of flexible tension cable of Conoco' s Huttonn TLP (Tension Leg Platform) with structure property characters as : 300m length, 1.1176m diameter, 0.038m wall thickness; 1000Kg/m mass per unit length, 3. response increases as tension ratio increases, though the stiffness increases monotonically with increase of tension ratio. Mode responses of four lock-in modes are also plotted in Fig.6 . It shows that mode response behaves in different way, some increase monotonically (e.g. the 1st mode), some decrease monotonically (e.g. the 4th mode) and some vary not monotonically (e.g. the 2nd mode) as tension ratio increases. Figure 7 shows the variation of lock-in region distributions, as form of region width (lock-in region is determined according to the reduced velocity ranging from 4 to 10) and location along cable span, of lock-in modes versus cable tension force. In fact it virtually influences mode response. Generally speaking, when lock-in region is wider and nearer to the anti-node of mode shape, displacement of response is larger, because the effective mass (Eq.s (9)) and effective damping (Eq. (10)) of lock-in mode become smaller, and vice versa. Another thing should be noted is that there exists a minimum value of response that is favorable for structure safety and fatigue life, or it is a desired status to platform designer. 
Effect of Flow Distribution on Response of VIV
A segmented and varying along span of riser flow distribution shown in Fig.8 is considered to examine effect of flow distribution on response of VIV. T he ratio of the maximum amplitude of response for segmented flow to the amplitude of response for uniform flow over the entire riser is given in Fig.9 for the lowest three modes as a function of the extent of the flow and internal structure damping (0.008 0.02 0.10). And also the mode stress results are shown in Fig.10 . The riser property parameters are the same as in section 3.1. Fig ure 9 shows that amplitude of response of three modes increases monotonically as flow distribution becomes wider, though slope of curve behaves differently. Since the effective mass and damping of system become smaller as flow segment becomes wider and consequently lock-in region becomes wider, amplitude of response becomes larger. And similarly, for case of lock-in region is nearer to the anti-node of mode shape the slope of curve is larger because of the decrease of effective mass and damping and the consequent lower efficiency of energy absorbing, and vice versa. Fig ure 9 also shows that curve with smaller damping is smoother, or variation of curve slope is smaller, than that with larger damping. It means that the sensitivity of VIV response to the location of lock-in region is reduced with increase of damping because the effective damping becomes larger.
Mode stress of response has similar behavior with amplitude of response except one point that for most cases in this example stress of higher mode has a larger value than lower mode and should be paid attention for analysis of structure fatigue life. 
CONCLUSIONS
Based on improving the wake oscillator model, an analytical model for response of VIV of flexible riser under nonuniform current is presented, in which the variation of added mass and the nonlinear relationship between amplitude of response and reduced velocity are considered. And the improved analytical model is validated by comparing it with experiments and numerical simulations. Our results show that the improved model can predict response of VIV and lock-in region more accurately. Illustrative examples in which response of flexible riser experiencing lock-in vibration under action of non-uniform current is calculated and we draw following conclusions:
Riser tension influences t he total amplitude of VIV response by variation of lock-in region distribution. When lockin region is wider and nearer the anti-node mode shape, displacement response is larger because of decrease of the effective mass and damping of system, and vice versa. It should be noted that there exists a minimum value of response that is favorable for structure safety and fatigue life.
Amplitude of response of lock-in mode increases monotonically as flow distribution becomes wider. But slope of curve behaves differently. Since the effective mass and damping of system become smaller as flow segment becomes wider and consequently lock-in region becomes wider. When lock-in region is near anti-node of mode shape, the slope of curve becomes larger because of decrease of effective mass and damping, and vice versa.
3 The sensitivity of VIV response to the location of lockin region is reduced with increase of damping because the effective damping becomes larger. For most cases in the example stress of higher mode has a larger value than lower mode and should be paid attention for analysis of fatigue life.
